Thioredoxin-interacting protein (TXNIP) is a key regulator of diabetic ␤-cell apoptosis and dysfunction, and TXNIP inhibition prevents diabetes in mouse models of type 1 and type 2 diabetes. Although we have previously shown that TXNIP is strongly induced by glucose, any regulation by the proinflammatory cytokines tumor necrosis factor ␣ (TNF␣), interleukin-1␤ (IL-1␤), and interferon ␥ (IFN␥) has remained largely unexplored. Moreover, even though this three-cytokine mixture is widely used to mimic type 1 diabetes in vitro, the mechanisms involved are not fully understood. Interestingly, we have now found that this cytokine mixture increases ␤-cell TXNIP expression; however, although TNF␣ had no effect, IL-1␤ surprisingly down-regulated TXNIP transcription, whereas IFN␥ increased TXNIP levels in INS-1 ␤-cells and primary islets. Human TXNIP promoter analyses and chromatin immunoprecipitation studies revealed that the IL-1␤ effect was mediated by inhibition of carbohydrate response element binding protein activity. In contrast, IFN␥ increased pro-apoptotic TXNIP post-transcriptionally via induction of endoplasmic reticulum stress, activation of inositol-requiring enzyme 1␣ (IRE1␣), and suppression of miR-17, a microRNA that targets and down-regulates TXNIP. In fact, miR-17 knockdown was able to mimic the IFN␥ effects on TXNIP, whereas miR-17 overexpression blunted the cytokine effect. Thus, our results demonstrate for the first time that the proinflammatory cytokines TNF␣, IL-1␤, and IFN␥ each have distinct and in part opposing effects on ␤-cell TXNIP expression. These findings thereby provide new mechanistic insight into the regulation of TXNIP and ␤-cell biology and reveal novel links between proinflammatory cytokines, carbohydrate response element binding protein-mediated transcription, and microRNA signaling.
Pancreatic ␤-cell dysfunction and death play a central role in the development and progression of diabetes and can be caused by multiple stressors including glucotoxicity, gluco-lipotoxicity, and cytokine toxicity (1, 2) . Glucotoxicity induced by chronic exposure of ␤-cells to high levels of glucose promotes ␤-cell apoptosis, resulting in a vicious cycle with further worsening of the hyperglycemia (1) . Interestingly, we previously discovered thioredoxin-interacting protein (TXNIP), 2 a ubiquitously expressed cellular redox regulator (3) , as the top glucoseinduced gene in a human islet gene expression microarray study (4) and found that TXNIP is a crucial mediator of glucotoxicity-induced ␤-cell apoptosis (5) . We further demonstrated that ␤-cell TXNIP expression is up-regulated in diabetes and that TXNIP-induced ␤-cell death is mediated by the intrinsic/ mitochondrial death pathway (6) . Moreover, we recently revealed that elevated TXNIP levels also contribute to ␤-cell dysfunction by inducing microRNA expression (miR-204), which in turn targets the insulin transcription factor MafA and thereby inhibits insulin production (7) . In contrast, TXNIP deficiency led to an increase in functional ␤-cell mass and protected against diabetes in mouse models of type 1 and type 2 diabetes (8) .
Lipotoxicity and especially combined gluco-lipotoxicity is another key factor contributing to ␤-cell dysfunction and death especially in the context of type 2 diabetes (9). However, unlike glucose, elevated free fatty acids do not increase ␤-cell TXNIP expression, and TXNIP deficiency does not effectively protect against fatty acid-induced ␤-cell death (6, 10) . This suggests that different ␤-cell stressors have distinct effects on TXNIP expression and raises the question of how cytokines might affect ␤-cell TXNIP.
Cytokine toxicity, resulting from an increase in proinflammatory cytokines such as IL-1␤, IFN␥, and TNF␣, has also been implicated as a critical factor in the ␤-cell loss of type 1 diabetes (11, 12) , but the pathways by which cytokines induce ␤-cell death are still controversial. Cytokines have been reported to induce apoptosis (11) but also to promote ␤-cell death by a combination of apoptosis and necrosis that is sensitive to BCL2 (13) . In addition, cytokines have been demonstrated to induce endoplasmic reticulum (ER) stress by inhibiting the sarcoendoplasmic reticulum pump calcium ATPase (SERCA) (14) . However, whereas knock down of C/EBP homologous protein (CHOP), a key factor in ER stress-induced apoptosis, has been suggested to prevent cytokine-induced ␤-cell apoptosis (15) , there have also been reports indicating that cytokine-induced ␤-cell death is not dependent on ER stress (16) . Proinflammatory cytokines have also been shown to activate the intrinsic mitochondrial apoptosis pathway via disruption of the mitochondrial membrane potential, Bax and caspase-9 activation, and cytochrome c release and to thereby induce ␤-cell death (13, 17, 18) . Moreover, proinflammatory cytokines have been demonstrated to impair ␤-cell function through reduction of insulin content (19) .
Interestingly, TXNIP is induced by diabetes and various stressors and, similar to cytokines, has been shown to promote ␤-cell apoptosis and dysfunction, but the potential link between proinflammatory cytokines and pro-apoptotic TXNIP has remained largely unexplored. Therefore, the aim of the present study was to investigate whether cytokines might regulate ␤-cell TXNIP expression and to determine the molecular mechanisms involved.
Experimental Procedures
Cell Culture-Rat INS-1 ␤-cells were cultured in RPMI 1640 medium (Life Technologies) containing 10% FBS, 11.1 mM glucose, 1% penicillin/streptomycin, 1 mM sodium pyruvate, 2 mM L-glutamine, 10 mM HEPES, and 0.05 mM 2-mercaptoethanol, and after overnight incubation at 5 mM glucose, cells were incubated at 25 mM glucose (unless noted otherwise) with or without recombinant rat TNF␣ (5 ng/ml; R&D system, Minneapolis, MN), mouse IL-1␤ (1 ng/ml; BD Pharmingen), and/or rat IFN␥ (5 ng/ml; R&D system) for 24 h. The generation, culture, and characterization of INS-1 ␤-cells stably expressing human TXNIP (INS-TXNIP) or LacZ (INS-LacZ) has been described previously (20) .
Mouse studies were approved by the University of Alabama at Birmingham Animal Care and Use Committee and comply with the NIH Guide for the Care and Use of Laboratory Animals. Primary pancreatic islets from wild-type C57BL/6 mice were isolated by collagenase digestion method (5), and RNA extraction was performed after incubation with recombinant mouse IL-1␤ (10 ng/ml; BD Pharmingen).
Isolated human pancreatic islets were obtained from the Integrated Islet Distribution Program (IIDP) and after overnight incubation at 5 mM glucose was gently dispersed by using 0.05% of trypsin-EDTA (7) and cultured with recombinant human IFN␥ (1000 units/ml; Peprotech, Rocky Hill, NJ) for 24 h at 25 mM glucose.
Quantitative Real-time RT-PCR-Total RNA was extracted using a miRNeasy Mini (Qiagen, Valencia, CA) according to the manufacturer's instructions and reverse-transcribed to cDNA using the first strand cDNA synthesis kit (Roche Diagnostics). Quantitative real-time PCR was carried out on a LightCycler 480 System using SYBR Green (Applied Biosystems, Foster City, CA). 18S ribosomal subunit (Applied Biosystems), TXNIP, rat BCL2, and rat CHOP primers have been described previously (5, 20) . Additional primer sequences used were as follows: rat carbohydrate response element-binding protein (ChREBP) forward, 5Ј-CAAAGCAACCACGCTTCAGA-3Ј, and reverse, 5Ј-CCCGCTCCTGCTGTAGCAT-3Ј; rat livertype pyruvate kinase (L-PK) forward, 5Ј-CTTTGATCCAGG-CTCTGCAGAC-3Ј, and reverse 5Ј-TGAGTCCTGGTTAAA-GTATAACC-3Ј; mouse L-PK forward, 5Ј-GAAGTGGAACA-CGGTGGTTTC-3Ј, and reverse, 5Ј-TCGGCATTTGGCAAG-TTCA-3Ј; rat Bcl-2-like protein 11 (Bim) forward, 5Ј-GTCTT-CCGCCTCTCGGTAAT-3Ј, and reverse, 5Ј-AGAGATACGG-ATCGCACAGG-3Ј; human Bim 5Ј-TTCTTGCAGCCACCC-TGC-3Ј, and reverse, 5Ј-CTTGCGTTTCTCAGTCCGA-3Ј. All samples were normalized by 18S run as an internal control. miR-17 expression was assessed in duplicate using a TaqMan microRNA Assay (Applied Biosystems) and U6 (Life Technologies) was used as an internal control.
Cell Fractionation and Western Blotting-Protein lysates as well as nuclear and cytoplasmic protein lysates were prepared as detailed previously (5 Plasmid Construction and Luciferase Assays-Construction of the TXNIP promoter reporter constructs has been described previously (20) . INS-1 cells were transfected with promoter reporter constructs containing the full-length human TXNIP promoter as well as different deletions/mutations (0.4 g/well; Promega, Madison, WI) along with the pRL-TK control plasmid using DharmaFECT Duo transfection reagent (1 l/well; GE Dharmacon, Lafayette, CO). Luciferase activities were assessed in duplicates using the Dual Luciferase Reporter assay system (Promega).
Transient Transfection-DharmaFECT1 transfection reagent (GE Dharmacon) was used and for miR-17 loss or gain of function experiments, INS-1 cells were transfected with 25 nM miR-17 inhibitor or hairpin inhibitor negative control 2 or with miR-17 precursor or pre-miR negative control 2 (Applied Biosystem), respectively. For Bim knockdown, cells were transfected with specific rat Bim siRNA or with negative control oligonucleotide (Life Technologies).
Chromatin Immunoprecipitation Assays-INS-1 ␤-cells were incubated with IL-1␤ for 6 h, and chromatin immunoprecipitation (ChIP) was performed using 4 g of anti-ChREBP antibody (P13; Santa Cruz) as described previously (21) . After immunoprecipitation, enriched DNA was purified and quantified by quantitative PCR using primers for the TXNIP pro-moter, forward 5Ј-CCCAAGAGGAGTCCCCTGGATG-3Ј and reverse 5Ј-GTCAAGCGGCTGCCGGAAACGG-3Ј.
Terminal Deoxynucleotidyltransferase dUTP Nick End Labeling (TUNEL)-INS-1 cells were fixed in 4% formaldehyde
and permeabilized with 0.2% Triton X-100, PBS for 5 min. The DeadEnd Fluorometric TUNEL System (Promega) was used to detect apoptotic nuclei according to the manufacturer's protocol. The Vectashield with DAPI mounting solution (Vector, Burlingame, CA) was used for nuclei staining.
Caspase Activity-Caspase 3/7 activity was assessed using the Caspase-Glo 3/7 assay kit and a GLOMAX 20/20 luminometer (Promega) according to the manufacturer's instructions.
Statistical Analysis-The significance of a difference between two groups was calculated using two-tailed Student's t tests, and differences with a p Ͻ 0.05 were considered statistically significant. To compare data sets of more than two groups, we used one-way analysis of variance calculations followed by Holm-Sidak tests for multiple comparisons.
Results
Cytokines Regulate ␤-Cell TXNIP Expression-Pancreatic ␤-cells are susceptible to glucotoxicity, lipotoxicity, and cytokine toxicity, all of which can lead to ␤-cell death and contribute to the loss of functional ␤-cell mass in the context of diabetes (1, 2). We previously discovered that TXNIP is a key mediator of ␤-cell apoptosis induced by glucotoxicity (5), whereas TXNIP expression is not induced by free fatty acids or in the context of lipotoxicity (6) . Although a combination of the proinflammatory cytokines TNF␣, IL-1␤, and IFN␥ typically used to mimic the conditions of type 1 diabetes in vitro has been shown to induce ␤-cell apoptosis (11) , it has remained largely unknown how cytokines might affect ␤-cell levels or pro-apoptotic TXNIP. To now address this question we exposed INS-1 ␤-cells to high (25 mM) glucose and the TNF␣/IL-1␤/IFN␥ cytokine mixture and indeed observed a small but significant increase in TXNIP expression (Fig. 1A) . However, the unex- pected small effect size raised the question of whether individual cytokines might have different effects on TXNIP expression. We, therefore, next examined the effects of each individual cytokine on TXNIP expression. We observed that TNF␣ treatment had no effect on ␤-cell TXNIP expression (Fig.  1B) . Surprisingly, we further found that IL-1␤ treatment resulted in a ϳ70% decrease in TXNIP mRNA levels (Fig. 1C) , whereas IFN␥ significantly increased TXNIP mRNA levels Ͼ2-fold (Fig. 1D) , which is consistent with the mild net increase observed in response to the cytokine combination. Overall, very similar results were also obtained at 5 mM glucose. Exposure to the TNF␣/IL-1␤/IFN␥ cytokine mixture led again to a significant increase in TXNIP expression (Fig. 1E) , whereas TNF␣ again did not increase TXNIP expression (Fig. 1F) . Although at 5 mM glucose IL-1␤ led to an increase in TXNIP expression in INS-1 cells, typically cultured at higher glucose (Fig. 1G) , IL-1␤ again significantly decreased TXNIP expression in primary mouse islets (Fig. 1H ) consistent with the findings at 25 mM glucose. Furthermore, as at high glucose, exposure to IFN␥ resulted in a Ͼ2-fold increase in TXNIP expression in INS-1 cells as well as in primary human islets (Fig. 1, I and J). Taken together, these findings reveal that individual cytokines have differential effects on ␤-cell TXNIP expression and that IFN␥ is the main cytokine contributing to the induction of TXNIP expression.
IL-1␤ Decreases TXNIP Expression by Inhibiting ChREBPmediated Transactivation-Because the fact that IL-1␤
decreased TXNIP expression was surprising, we also performed time-course and dose-response experiments to rule out any potential biphasic effect. However, IL-1␤ consistently reduced TXNIP expression irrespective of timing or dosing (Fig. 2, A and B) . Furthermore, we also confirmed the IL-1␤-mediated reduction of TXNIP expression in primary mouse islets (Fig. 2C ) and found that TXNIP protein levels were also significantly decreased in response to IL-1␤ (Fig. 2D) .
To identify the cis-acting element responsible for the effect of IL-1␤ on TXNIP expression, we performed human TXNIP promoter deletion studies and found that mutation of the E-box repeat carbohydrate response element (ChoRE) completely abolished IL-1␤-mediated reduction of TXNIP promoter activity (Fig. 3A) , indicating that this ChoRE was necessary for the observed inhibition of TXNIP in response to IL-1␤. Because we previously identified this ChoRE as the binding site for ChREBP, which is also the transcription factor conferring glucose-induced TXNIP expression (21), these findings suggested that IL-1␤ might act via inhibition of ChREBP action. ChREBP function is primarily regulated by nuclear entry (22, 23) , and whereas IL-1␤ did not significantly alter total ChREBP protein levels (Fig. 3B) , it significantly reduced nuclear ChREBP levels as measured after nuclear fractionation (Fig. 3C ). In addition, ChREBP ChIP assays revealed high occupancy at the TXNIP promoter and showed that ChREBP binding to the TXNIP promoter was significantly reduced in response to IL-1␤ treatment (Fig. 3D) , whereas ChREBP binding to the GAPDH negative control was negligible. Together this suggests that IL-1␤ inhibits nuclear entry of ChREBP and thereby suppresses TXNIP transcription.
Because ChREBP is known to mediate glucose-induced transactivation of L-PK in liver and ␤-cells (24, 25), we also measured L-PK expression in response to IL-1␤. The results showed that IL-1␤ also down-regulated L-PK expression in INS-1 ␤-cells and primary mouse islets (Fig. 4, A and B) . It also blocked ChREBP binding to the L-PK promoter as assessed using ChREBP ChIP assays (Fig. 4C) , indicating that the IL-1␤ effects on ChREBP-mediated transactivation were not restricted to TXNIP and included other ChREBP target genes.
IFN␥ Up-regulates ␤-Cell TXNIP Expression Post-transcriptionally-To further study the effects of IFN␥, we again performed time-course experiments which revealed that TXNIP expression was significantly induced already after 6 h of IFN␥ treatment and continued to increase in a time-dependent manner (Fig. 5A) . We also confirmed the IFN␥-induced TXNIP expression observed in INS-1 ␤-cells in primary human islets (Fig. 5B) . Consistent with the mRNA expression, we also found that IFN␥ significantly increased TXNIP protein levels (Fig. 5C) . To further explore the molecular mechanism underlying IFN␥-mediated up-regulation of TXNIP, we first again performed luciferase assays using the full-length human TXNIP promoter reporter construct in the absence or presence of IFN␥. Surprisingly, IFN␥ treatment resulted in a significant reduction in TXNIP promoter activity (Fig. 5D) . Consistent with this decrease in TXNIP transcription, and as observed with IL-1␤, IFN␥ also led to a significant decrease in ChREBP protein levels (Fig. 5E) . Together with the observed increase in TXNIP mRNA expression in response to IFN␥ (Fig. 5A ), these findings indicated that IFN␥-induced TXNIP expression was not conferred at the transcriptional level but might rather be , deleted (D2-D4), or mutated (mutD4) human TXNIP promoter constructs and the pRL-TK control plasmid and harvested after 24 h incubation with or without IL-1␤ (1 ng/ml). Promoter activity as compared with no IL-1␤ (control) was assessed by dual luciferase assays. B, INS-1␤ cells were treated with IL-1␤ for 24 h, and total ChREBP protein levels were determined by Western blotting (20 g of protein/lane) and corrected for actin. C, nuclear ChREBP protein levels were assessed by Western blotting (25 g of protein/lane) after nuclear fractionation and corrected for USF2. D, INS-1 ␤-cells were harvested after 6 h of incubation with or without IL-1␤, and ChIP assays were performed using ChREBP antibodies followed by real-time PCR using primers flanking the ChoRE E-boxes or GAPDH negative control. Bars represent the means Ϯ S.E.; n ϭ 3-6 independent experiments. *, p Ͻ 0.05, N.S., not significant." mediated by post-transcriptional regulation, such as RNA stability.
IFN␥-induced TXNIP Expression Is Mediated by Activation of IRE1␣ and a Decrease in miR-17
Levels-Because RNA stability is often regulated by microRNAs (miRs), and miR-17 in particular has been shown to target TXNIP mRNA (26, 27) , we investigated the possibility that IFN␥, by down-regulating miR-17, might increase TXNIP expression. Indeed, using a TaqMan microRNA assay, we found that IFN␥ significantly inhibited miR-17 expression levels in INS-1 ␤-cells (Fig. 6A) as well as in human islets (Fig. 6B) . Furthermore, knockdown of miR-17 with anti-miR-17 resulted in a highly significant increase in TXNIP expression, supporting the proposed role of miR-17 (Fig. 6C) . Most importantly, overexpression of miR-17 was able to blunt IFN␥-induced TXNIP expression (Fig. 6D) , suggesting that IFN␥ up-regulated TXNIP expression via inhibition of miR-17.
Based on recent reports that miR-17 is rapidly degraded in response to phosphorylation/activation of IRE1␣ (28) and that this results in TXNIP induction (26), we hypothesized that IFN␥ might induce IRE1␣ activation leading to the observed decrease in miR-17 and increase in TXNIP. Indeed, phospho-IRE1␣ protein levels were up-regulated in INS-1 ␤-cells exposed to IFN␥, whereas total IRE1␣ levels remained unchanged (Fig. 7A) . Because activation of IRE1␣ is part of the unfolded protein response (UPR) and associated with ER stress, we also measured CHOP, a well established transcriptionally induced marker of ER stress (29) . We found that IFN␥ also significantly increased CHOP expression in INS-1 ␤-cells (Fig.  7B) . Combined, these findings suggest that IFN␥ induces TXNIP expression via induction of ER stress, activation of IRE1␣, and degradation of miR-17.
Consistent with the induction of pro-apoptotic TXNIP and CHOP, we also observed that IFN␥ down-regulated anti-apoptotic BCL2, as shown by a decrease in BCL2 protein levels (Fig.  7C ) and reduced BCL2 expression in INS-1 ␤-cells (Fig. 7D) as well as primary human islets (Fig. 7E) . In addition, TUNEL staining (Fig. 7F) as well as caspase 3/7 activity assays (Fig. 7G) revealed that ␤-cell apoptosis was significantly increased in response to IFN␥ treatment, indicating that this cytokine was able to promote ␤-cell apoptosis on its own.
Interestingly, the BH3-only BCL2 family protein Bim has recently been reported to play a critical role in IFN␥ϩTNF␣-induced ␤-cell death (30, 31) and is also known to inhibit BCL2 (32) , raising the possibility that Bim might mediate the observed ␤-cell apoptosis in response to IFN␥. Indeed, Bim expression was significantly induced by IFN␥ in INS-1 ␤-cells as well as in human islets (Fig. 8, A and B) , and Bim knockdown completely rescued ␤-cells from IFN␥-induced apoptosis and resulted in cleaved caspase activity levels that were indistinguishable from baseline (Fig. 8C) . Of note, this protective effect was associated with a dramatic decrease in IFN␥-induced TXNIP expression (Fig. 8D) . To counteract this decrease in TXNIP expression, we performed parallel experiments in our stably transfected INS-TXNIP cells with constitutive TXNIP expression or in control INS-LacZ cells (Table 1) . In control cells, we again observed a 2-fold increase in cleaved caspase 3/7 activity in response to IFN␥ or a cytokine mixture, and Bim knockdown again completely blunted this effect, resulting in caspase activity levels identical to those in the no cytokine control. In contrast, although Bim knockdown also resulted in some reduction in apoptosis in INS-TXNIP cells, a highly significant, close to 2-fold increase in cleaved caspase activity in response to IFN␥ or cytokine mixture remained in the context of constitutive TXNIP expression ( Table 1 ), suggesting that a decrease in TXNIP is critical for effective protection against cytokine-induced apoptosis.
Discussion
Taken together, the results of our studies demonstrate that proinflammatory cytokines regulate ␤-cell TXNIP expression but, surprisingly, show that IL-1␤ and IFN␥ have opposite effects and act via distinct mechanisms, revealing novel links between IL-1␤ and regulation of gene transcription as well as IFN␥ and microRNA expression.
TXNIP is up-regulated in diabetes and plays a key role in ␤-cell biology, promotes oxidative stress and ␤-cell apoptosis, and inhibits insulin production and ␤-cell function (5, 7, 8) . Appropriately, its expression has also been shown to be tightly regulated by metabolic stimuli such as glucose (20, 33) , by various stresses including ER stress (26) , and now, based on the current studies, by proinflammatory cytokines.
The proinflammatory cytokines TNF␣, IL-1␤, and IFN␥ have been implicated in ␤-cell dysfunction and destruction in type 1 diabetes (11), and a combination of these cytokines has been widely used to mimic the conditions of type 1 diabetes in vitro (34 -36) . Our finding that this cytokine mixture-induced ␤-cell expression of TXNIP is, therefore, consistent with this notion as well as with a previous report of TXNIP expression being mildly increased in response to cytokines (37) . On the other hand, the discovery that individual cytokines have different effects on ␤-cell TXNIP expression has been rather unexpected but helps explain the small net effect size of the cytokine mixture and highlights once again the intricacies of TXNIP regulation. In addition, the findings are in alignment with the previous demonstration that different cytokine combinations, such as IL-1␤/IFN␥ and IL-1␤/TNF␣, differentially modify ␤-cell gene expression profiles (38) and that there are differences in the effects of individual cytokines.
In combination with other cytokines, TNF␣ has been demonstrated to activate resident macrophages within intact islets and to induce them to secrete IL-1␤ and thereby to exert some cytotoxic effects on ␤-cells (39, 40) . However, although TNF␣ has also been shown to contribute to insulin resistance in rat islets, it has not been reported to have any direct toxic effects on ␤-cells by itself (41) , consistent with our observation that TNF␣ did not increase ␤-cell expression of pro-apoptotic TXNIP.
In contrast to the induction observed with the cytokine mixture, we surprisingly found that exposure of ␤-cells or primary islets to IL-1␤ led to a significant decrease in TXNIP expression irrespective of timing or concentration. Although IL-1␤ has been implicated in ␤-cell destruction (42, 43) , it has been suggested that IL-1␤ itself is not sufficient to cause ␤-cell death and that low concentration or short term treatment with IL-1␤ may even have beneficial effects on ␤-cell function and survival (44, 45) , which is in alignment with the observed reduction in pro-apoptotic TXNIP expression. Interestingly, TXNIP has previously been shown to be involved in inflammasome activation and to thereby induce IL-1␤ production (46) . It is, therefore, tempting to speculate that the reduction in TXNIP expression in response to IL-1␤ may represent a negative feedback loop especially in inflammatory cells such as macrophages. If so, one would expect that activation of these cells, which results in IL-1␤ production as part of the inflammatory response, would lead to a reduction in TXNIP expression. Indeed, TXNIP expression has been demonstrated to be down-regulated in macrophages in response to lipopolysaccharide stimulation or IL-1␤ exposure, and this effect was found to be mediated by MondoA (47) . Again, this is consistent with our current findings revealing that IL-1␤ acts via inhibition of ChREBP, which is the paralog of MondoA and the major transcription factor regulating TXNIP expression in pancreatic ␤-cells. Moreover, we found that the effects of IL-1␤ were not restricted to TXNIP, as IL-1␤ also down-regulated L-PK, another bona fide downstream target of ChREBP playing an important role in glycolysis. This suggests that IL-1␤ modulates ChREBP-mediated transcription and signaling and thereby may affect ␤-cell biology and metabolism in previously unappreciated ways.
Our current studies further demonstrated that IFN␥ leads to a potent induction of TXNIP expression in INS-1 ␤-cells as well as in human islets. Taking into account the lack of an increase by TNF␣ and the observed inhibition by IL-1␤, this suggests that IFN␥ is the main contributor to the up-regulation of TXNIP in response to the three-cytokine mixture. Surprisingly, IFN␥ seemed to induce ␤-cell TXNIP expression at a post-transcriptional level as indicated by the observed increase in mRNA expression but a lack in TXNIP promoter activation. Indeed we found that the effects were mediated by a decrease in miR-17, a microRNA that is capable of targeting and down-regulating TXNIP (26, 27 ). This notion is further supported by the fact that miR-17 overexpression completely blunted the IFN␥ effects on TXNIP expression. Interestingly, we also found that IFN␥ effectively activated IRE1␣, which has previously been shown to lead to degradation of miR-17 (28) , suggesting that IFN␥ decreased miR-17 levels via IRE1␣. Furthermore, IFN␥ also led to a significant increase in CHOP, a downstream factor in the IRE1␣ UPR (unfolded protein response) signaling pathways and a key marker of ER stress. This is in alignment with previous findings suggesting that proinflammatory cytokines induce ER stress (16) . Moreover, exposure to IFN␥ also resulted in a marked increase in ␤-cell apoptosis, consistent with the pro-apoptotic effects of TXNIP (8, 20) and with reports that IFN␥ promotes apoptotic signaling (48 -52) and potentiates ER stress-induced ␤-cell death (53) . Interestingly, blockage of IFN␥ signaling has been demonstrated to protect non-obese diabetic (NOD) mice against diabetes, further supporting the role of this cytokine in inflammatory ␤-cell loss (54) .
In addition to the induction of pro-apoptotic TXNIP, we discovered that IFN␥ also increases Bim expression, a powerful factor that directly induces the apoptotic pathway (32) . Our studies further established a critical role for Bim in IFN␥ and cytokine-induced ␤-cell apoptosis, which is consistent with recent reports implicating Bim in ␤-cell death (30, 31) . Although this supports the notion that cytokine-induced ␤-cell death is mediated by different pathways, some of which may act independently of TXNIP signaling, our results also indicate that for any complete protection against cytokine-induced apoptosis, effective inhibition of TXNIP expression is crucial (Fig. 8, C and D, and Table 1 ).
In summary, our results reveal for the first time that the proinflammatory cytokines TNF␣, IL-1␤, and IFN␥ each have distinct effects on the pancreatic ␤-cell and on TXNIP expression. Although IL-1␤ down-regulated the activity of a major transcription factor, ChREBP, and resulted in decreased TXNIP and L-PK expression, IFN␥ inhibited the expression of a microRNA, miR-17, and thereby promoted ␤-cell expression of TXNIP. Thus, the results of the current studies not only provide novel mechanistic insight into the regulation of TXNIP expression but also reveal several previously unappreciated effects of proinflammatory cytokines on cell signaling and ␤-cell biology and underline the importance of considering the unique actions of individual cytokines. 
